Abstract: This paper investigates the short circuit behaviour and variation in fault level with solar PV integrated distribution network. In order to investigate the issue, a generic distribution network, which supplies power to the load of varying nature is designed and simulated using electrical transient analyser program (ETAP) software. The network is analysed according to IEC 60909 standard and the alteration in short circuit current and fault level due to various types of faults is reported. It is found that the cumulative contribution of upstream and downstream grid makes the three-phase fault most severe in comparison to other faults. However, if the transformer neutral is solidly grounded, then the severity of single line to ground fault will be highest. Furthermore the variation in grid strength considerably affects the fault current level of the distribution network. Such situation is the cause of major concern when solar PV is added to the network.
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Introduction
The solar PVs are normally installed near the load centres to minimise the transmission losses and get the improved voltage profile. However, these plants alters the electrical characteristics of network and introduces serious challenges during integration process (Katiraei and Aguero, 2011; Enslin, 2014) . The challenges can be seen as voltage unbalance, reverse power flow, harmonics, change in short circuit level and protection malfunction. The impact of these challenges depends on the level of solar PV installed and their location in the network (von Appen et al., 2013; Hou et al., 2014; Cheng et al., 2016) . Every protective equipment has a designed SC capacity, which ensures that the equipment is able to interrupt or withstand the SC current reasonably, but the addition of solar PV changes the fault level of the system (Baran and El-Markaby, 2005; Hooshyar and Baran, 2013; Baran et al., 2012) . The rotating machines-based generating sources contribute more fault current due to their transient behaviour than a solar PV unit does (Nimpitiwan et al., 2007; Begovic et al., 2001 ). However, the solar PV are installed nearer the load centres in bulk quantities, which may increases the fault level of the system beyond the designed level. The existing protection system are designed considering fault contribution from upstream grid with no PV scenario but fault at the PV terminal adversely affects the protection coordination and reduces the reliability of the system (Massoud et al., 2010; Hadjsaid et al., 1999; Byung-Gyu et al., 2011; Petrone et al., 2008) . The available standards for SC study stresses on fault current contribution by upper stream power system. The drawback of such standards is that they provide no guidelines about the fault contribution by renewable energy sources, which are connected at the downstream (Hadjsaid et al., 1999; Saadat, 2004; Nimpitiwan et al., 2005) . Therefore, while calculating the fault level of the grid, contribution by both the streams has to be considered (Girgis and Brahma, 2001; Brahma and Girgis, 2004) . In this paper the effect of upstream grid is considered according to standards IEC 60909 (IEC 60909-0, 2001; IEC 60909-1, 2002; IEC 60909-2, 1992; IEC 60909-3, 2003; IEC 60909-4, 2004; Sweeting, 2012) , while the effect of downstream grid is calculated according to assumptions given in Boutsika and Papathanasiou (2008) . This paper presents the extensive fault analysis in a distribution grid with solar PV system. The network is simulated on electrical transient analyser program (ETAP) software. Solar PV integration changes the network fault level. Furthermore, the varying network conditions also alter the SC current and fault level of the system. The paper is organised as follows: Section 2 presents the methodology for the SC current calculation, Section 3 presents the solution algorithm to achieve the desired goals, modelling of a distribution grid is presented in Section 4, Section 5 presents the implementation and validation of fault calculation algorithm and associated results and discussion, and Section 6 concludes the paper by summarising the work done and investigations made.
Methodology for short circuit calculation
This section describes the methodology for short circuit current calculation due to both the streams.
Structure of integration of solar PV
The calculation of SC current requires Thevenin equivalent based on the equivalent voltage source and the impedance seen from the short-circuit location (Saadat, 2004) . Therefore, existing impedance matrix is reformulated and modified after adding the solar PV. Figure 1 shows the scheme of integration at existing partial network. After addition of the solar PV, bus p is added to the system and the voltage current relationship with modified impedance matrix is given by equation (1) (Nimpitiwan et al., 2005) : The new impedance matrix can be written using Kron's reduction technique as given by equation (2) [
where
The three-phase current at any bus i can be calculated as equation (3): (0) ,
Upstream grid impact on fault current
The fault current impact of upstream grid for a balanced three-phase fault is given by equation (4):
The value of voltage safety factor a for various voltage ranges is given in Table 1 . The fault current for the unbalanced SC calculations, is given by equations (5)- (7).
( ) 
Fault current due to solar PV
The IEC 60909 does not provide guidelines about fault current contribution of renewable power generators like solar PVs. The short-circuit current of the converters interfaced generators can be calculated by equation (8):
where k = 1.5-2.0 indicates the short time overload capability of the PV converter, I rPV is the rated current of solar PV, and Δt is duration of fault contribution until it is disconnected by protection unit (Boutsika and Papathanasiou, 2008) . 
Solution algorithm steps
The following solution algorithm steps are to be followed to calculate the short circuit current due to various types of faults:
Step 1 Prepare the single line model of the system The single line model should include the rating details of all the buses, conductors, cables, transformer, solar PV and loads.
Step 2 Calculation of short circuit impedance
Calculate the fault impedance of the network components, get the positive, negative, and zero sequence impedances.
Step 3 Convert all impedances to the base level Due to different voltage level, the impedances are referred and converted to common voltage level.
Step 4 Obtain the Thevenin equivalent at faulted bus
The equivalent circuit will represent the open circuit voltage in series with short circuit impedance at faulted bus under consideration.
Step 5 Calculate the various short circuit currents
Calculate the symmetrical three-phase SC current and other short circuit current for various faults using equations (3)-(7).
Modelling of smart distribution grid
The solar PV integrated smart distribution grid system is modelled in Figure 2 . The loads are fed from an 11 kV grid through a transformer of rating 1.5 MVA, 11/0.433 kV. Laterals are feeding the loads of varying nature in the area. Table 2 presents the specifications of solar PV that are connected at bus 2, 5 and 16. Each branch of the feeder has different length as presented in Table 3 . The distribution grid feeds the load of different ratings as presented in Table 4 . 
Implementation and validation of algorithm
This section presents the SC current contribution due to upstream grid and downstream solar PV inverters. Various types of faults are simulated on the modeled distribution network. The fault current histogram for buses 2, 5 and 16 are shown in Figures 3(a) -(3c). It is clear that the fault current contains DC components along with other frequency components of current. Such current increases harmonics in the system and provoke the mal-operation of protection relays. Figures 4(a) -4(d) present the nature of fault current when fault occurs at the inverter terminals connected at bus 5. The highest impact on the SC level occurs due to three-phase fault at inverter terminal. The current due to single line to ground fault is of least magnitude that can be easily protected by circuit fuse or breakers. Total fault MVA contribution by upstream and downstream grids due to various faults is presented in Figure 5 . It is observed that highest fault MVA occurs due to three-phase fault whereas the single line to ground fault contributes least fault MVA. It is observed that due to occurrence of fault all branch currents are affected. When fault occurs in one such branch 3, the variation in SC current before and after solar PV integration is presented in Table 5 . The highest variation is detected in branch 1 for all types of faults. However, the three-phase fault has the utmost impact on all branches in comparison to other faults. Moreover, the fault current contribution is more by the bus which is nearer to the main grid such bus is no. 2. It is seen that location of fault from the grid affects the severity of fault current and alters the fault level accordingly. Figure 6 presents the effect of grid strength on fault current. It can be seen that if grid strength (X/R ratio) is high, the magnitude of fault current reduces rapidly. Table 6 presents the variation in fault MVA before and after solar PV integration at few buses. The highest change occurs in fault MVA due to three-phase fault then followed by other faults. Table 7 provides very important finding about the effect of transformer neutral grounding on short circuit current. It is observed that if transformer neutral is solidly grounded, the single line to ground current can exceed the three-phase fault current. Therefore, neutral grounding performs vital role in limiting fault current. 
Conclusions
This paper describes fault current contribution of solar PV plants installed at various buses along a distribution grid. The three-phase fault produces highest impact on the SC level then followed by other faults. The distribution systems are designed with a given fault level but with the large-scale integration of solar PV the fault level of the system changes rapidly and affect the reliability of the protection system. Some other factors such as grid strength, transformer neutral grounding and distance of fault point from main grid considerably affect the fault current and fault level of the system. Therefore, an extensive fault study is required at the time of integration to ensure the reliability of the system.
